Abstract Some plant species growing on metalliferous soils are able to accumulate heavy metals in their shoots up to very high concentrations, but the selective advantage of this behaviour is still unknown. The most popular hypothesis, that metals protect plants against herbivores, has been tested several times in laboratory conditions, with contradictory results. We carried out the Wrst large-scale test of the defence hypothesis in eight natural populations of the model Zn hyperaccumulator Thlaspi caerulescens J. and C. Presl (Brassicaceae). In two climatic regions (temperate, Belgium-Luxembourg, and Mediterranean, southern France), we worked in metalliferous and in normal, uncontaminated environments, with plants spanning a wide range of Zn concentrations. We also examined the importance of glucosinolates (main secondary metabolites of Brassicaceae) as antiherbivore defences. When exposed to natural herbivore populations, T. caerulescens suVered lower herbivory pressures in metal-enriched soils than in normal soils, both in Belgium-Luxembourg and in southern France. The trapping of gastropods shows an overall lower population density in metalliferous compared to normal environments, which suggests that herbivory pressure from gastropods is lower on metalliferous soils. In addition, foliar concentration of glucosinolates was constitutively lower in all populations from metal-enriched soils, suggesting that these have evolved towards lower investment in organic defences in response to lower herbivory pressure. The Zn concentration of plants had a protective role only for Belgian metallicolous plants when transplanted in normal soils of Luxembourg. These results do not support the hypothesis that Zn plays a key role in the protection of T. caerulescens against enemies. In contrast, glucosinolates appear to be directly involved in the defence of this hyperaccumulator against herbivores.
Introduction
Because of their sessile growth form and their basal position in food chains, plants have evolved various types of defences to protect themselves against herbivores. In addition to physical defences such as spines or trichomes, plants possess a wide array of organic chemical defences such as terpenes, tannins, alkaloids and glucosinolates (Fraenkel 1959; Whittaker and Feeny 1971; Kessler and Baldwin 2002) . Recently, high foliar concentrations of heavy metals have also been suggested to act as a defence against herbivores in plants called hyperaccumulators . These plants are able to accumulate heavy metals in their leaves (on a weight/dry weight basis, >0.1% Ni, >1% Zn, >0.01% Cd; Reeves and Baker 2000) up to concentrations that are acutely toxic to several phytophagous invertebrates Boyd and Moar 1999; Boyd et al. 2002; Boyd and Jhee 2005) .
However, the reason for the evolution of heavy metal hyperaccumulation, as well as its putative selective advantage is still controversial. It has been suggested that it has evolved to protect plants against herbivores, as an "elemental" defence (Boyd and Martens 1992; Boyd 1998) . The test of the defence hypothesis through Zn accumulation has yielded contradictory results. In laboratory experiments using binary feeding choices, Pollard and Baker (1997) , Jhee et al. (1999) and Behmer et al. (2005) showed that several phytophagous invertebrates preferred to eat low-Zn leaves of the hyperaccumulator Thlaspi caerulescens compared with high-Zn ones. In contrast, Huitson and Macnair (2003) did not Wnd any protective role of Zn in the hyperaccumulator Arabidopsis halleri. Recently, Noret et al. (2005) found that organic defences (glucosinolates), rather than Zn, deterred snails from eating the Zn hyperaccumulator T. caerulescens.
These contradictory conclusions are probably the result of diVerences in experimental conditions speciWc to each study. However, the relative importance of metals and secondary metabolites in the defence against herbivores is a key issue to understanding the evolutionary signiWcance of metal hyperaccumulation. In particular, Weld experiments are needed to better approach the natural conditions in which metal hyperaccumulation may act as a defence. Compared to controlled conditions, plants in nature are subjected to a broad range of native herbivores that freely consume hyperaccumulators or non-accumulating plants of the community. The importance of herbivory as a selective pressure in natural populations of hyperaccumulating plants has yet to be demonstrated. Surprisingly, to our knowledge, only one study has investigated the defence hypothesis in natural conditions with the Ni hyperaccumulator Streptanthus polygaloides (Martens and Boyd 2002) . In this experiment, conducted in one metalliferous site where the latter species occurs naturally, a higher foliar Ni concentration did not protect plants against herbivores. The evolutionary signiWcance of metal hyperaccumulation, and particularly the test of the defence hypothesis, is thus still a controversial issue (Boyd 2004) .
We have conducted the Wrst large-scale study in natural conditions to assess herbivory pressures on T. caerulescens in relation to plant concentrations of Zn and secondary metabolites (glucosinolates). The model Zn hyperaccumulator T. caerulescens J. and C. Presl (Brassicaceae) occurs in Continental Europe as two main ecotypes: one grows on heavy metal-enriched soils (metallicolous ecotype), whereas the other is found on soils with a normal ionic balance (non-metallicolous ecotype) (Tutin et al. 1993 ). These two ecotypes represent an interesting model of evolution of populations subjected to diVerent selection pressures among which the metal concentration in the soil is the more obvious one. In this study, herbivore damage was examined in metalliferous and normal sites of two regions with contrasting climate and vegetation (Belgium-Luxembourg and southern France). We examined whether T. caerulescens suVers from herbivory in natural conditions, which factor (Zn or glucosinolate) best explains herbivore preferences, and whether both ecotypes are equally consumed by herbivores.
Materials and methods

Plant material and treatments
In each geographical region (southern France and Belgium-Luxembourg), we used four local T. caerulescens populations, two from calamine metalliferous soils (enriched with Zn, Pb, Cd) (metallicolous populations: Prayon and Angleur in Belgium; Avinières and Malines in France), and two from normal soils (nonmetallicolous populations: Wilwerwiltz and Winseler in Luxembourg; Navacelles and Séranne in France). Field-collected seeds were sown on burnt clay (France) or in Petri dishes (Belgium). As the metal concentrations in plant tissues of T. caerulescens can be manipulated by changing the metal concentration in the soil, seedlings were planted in 350-ml pots Wlled with garden compost, either amended with 2,000 mg Zn kg ¡1 dry weight (as ZnO) contaminated treatment (C) or without Zn added non-contaminated treatment (NC). Plants from France were grown in a greenhouse in Montpellier (France), and those from Belgium and Luxembourg were grown in a greenhouse in Brussels (Belgium). We obtained 20 replicates of each population for each treatment, and a total of 160 plants in each region (20 replicates £ 2 soil treatments £ 4 populations). For the population of Avinières (French metallicolous), we partially used seedlings collected in the Weld because of poor seed germination; these were equally distributed in the two soil treatments.
Experimental design and site characteristics After 3 months of greenhouse growth, plants were transplanted in the eight Weld sites (four in each climatic region) corresponding to the eight T. caerulescens populations cultivated in greenhouses. Plants were kept in the same climatic region: plants originating from southern France were transplanted in the Weld near Montpellier (France), and those from Belgium and Luxembourg were transplanted in the Weld in these two countries. Plants were planted out directly in the soil (pots removed), in order to avoid drought stress and, in southern France, to prevent wild boars from digging up pots. Forty plants were transplanted in each site, 20 plants were grown on the NC treatment, and 20 others on the C treatment. Half of these 40 plants belonged to the local native population, whereas the other half originated from one (randomly chosen) population of the other ecotype. For instance, 20 plants from the metallicolous population of Prayon and 20 plants from the non-metallicolous population of Wilwerwiltz were transplanted in the site of Prayon and in the site of Wilwerwiltz. In each site, these forty plants were distributed in ten blocks of four plants to take into account the spatial heterogeneity of herbivory pressure and soil chemistry. In each block, there were two non-metallicolous plants, one grown on the NC treatment and the other on the C treatment, as well as two metallicolous plants, one grown on the NC soil and the other on the C soil. The distance between plants within blocks was 1-3 m, and blocks were spatially separated by 2-20 m, depending on site area. Blocks were always located near naturally growing T. caerulescens plants, and transplanted plants were carefully mapped. In the spring, plants were left in the Weld from April to June 2004 for French and Belgian sites, and from May to June 2004 for Luxembourg sites. In France, plants were watered once to prevent water stress.
Herbivory measurements
Plants were visited every 3-4 weeks, and photos were taken each time. Herbivory damage was visually estimated from the photos taken after 2 months of planting out (Luxembourg, 1 month) according to an ordinal non-proportional scale. Plants were assigned to Wve classes according to their level of consumption [class 0 (no visible damage), class 1 (leaf area removed <5%), class 2 (leaf area removed between 5 and 25%), class 3 (leaf area removed between 26 and 50%), class 4 (leaf area removed between 51 and 100%)].
Gastropod trapping
Most of herbivore damage noted in the Weld was similar to that observed in laboratory experiments with snails (Noret et al. 2005 ). The population density of gastropods (slugs and snails) was estimated with traps in all metalliferous and normal sites of both regions during the spring 2005. For two French sites (Avinières and Navacelles), we also had trapping data for 2003 (Noret 2003) and 2004. Each trap consisted of an inverted plastic box (20 £ 13 £ 6 cm 3 ), under which 3 g of molluscicidal bait pellets was placed. After 1 month, traps were removed and dead snails and slugs were counted. Ten traps were initially put in each site (except in 2004, when Wve traps were used).
Plant analyses
Just before transplantation into the Weld, two leaves of each plant were harvested; one was used to assess the Zn concentration (n = 12-14 for each population in each treatment) whereas the other was used to measure the total glucosinolate concentration (pooled samples to obtain suYcient material, n = 4). The Zn concentration was measured using the Zincon method (Macnair and SmirnoV 1999) . Total glucosinolate concentration was assessed using the glucose-release method (Tolrà 1997 ) modiWed by Noret et al. (2005) .
We did not systematically measure Zn and glucosinolate concentrations at the end of the experiment. In both regions, when plants were taken away from the Weld at the end of the experiment, we noted that they had not developed many roots in the surrounding soil. We therefore think that the ranking of populations for Zn concentration has been preserved throughout the experiment. However, for three of the four populations used in southern France, we measured the Wnal leaf Zn concentration of some plants (many suVered from drought stress) planted out in metalliferous soils. This allowed us to check whether plants replanted in highmetal soils have accumulated metals from the surrounding soil, which would have led to the loss of the control (NC treatment).
Statistics
The ordinal herbivory data formed a contingency table, which was analysed with a log-linear model using the CATMOD procedure of SAS (1999). To avoid multiple interactions (Wve-way), data from diVerent geographical regions were processed separately. The classiWcation factors were Environment (metalliferous or normal), Site, Ecotype (metallicolous or non-metallicolous) and Treatment (high-or low-Zn soil culture). Site was nested in Environment using conditional probabilities (Sokal and Rohlf 1981) . Each herbivory class was weighed in the statistical model with a value corresponding to the midpoints of the Wve classes (no damage, 0; leaf area removed <5%, 2; <25%, 15; <50%, 37; <100%, 75).
A mixed partially nested ANOVA was performed on gastropod trapping data. Region and Environment were considered as Wxed factors and Site (random) was nested in Region £ Environment. The occurrence of several zero values in the data set prevented us from testing the annual variability; for the two sites with several years' data (Avinières and Navacelles) we therefore pooled data of [2003] [2004] [2005] in the total analysis. A two-sample t-test was used to compare the mean number of herbivores trapped in the two environments (metalliferous and normal; all data were pooled for each environment).
Zn and glucosinolate concentrations were analysed by a mixed partially nested ANOVA (SAS 1999) . The Wxed classiWcation factors were Origin (Belgium-Luxembourg or France), Ecotype and Treatment. Population (random factor) was nested within Ecotype and Treatment was crossed with Population. Within three southern France populations, least square mean tests were performed to analyse the changes of leaf Zn concentration between the beginning and the end of the transplantation in metalliferous sites (crossed factors: date and treatment). Data were ln-transformed to meet the requirements of the ANOVA. Due to missing values, type III sum of squares was used. Comparisons of means were performed by least squares means tests (SAS 1999) .
Results
Foliar Zn concentration
The foliar Zn concentrations of transplanted plants (2,000-15,000 g g ¡1 ) (Fig. 1) were close to those measured in Weld-grown individuals (Reeves et al. 2001; Molitor et al. 2005; Noret et al. 2005; Basic et al. 2006) , except for non-metallicolous populations from Luxembourg grown on C soil which had a slightly higher Zn concentration (Fig. 1 ) than in natural conditions (Molitor et al. 2005) .
The foliar Zn concentration was signiWcantly inXuenced by the soil treatment (Table 1) . Plants grown on C soils contained more Zn than those grown on NC soils (not signiWcant for the population of Avinières) (Fig. 1) . The Zn concentration was also inXuenced by the ecotype because non-metallicolous plants accumulated more Zn than metallicolous ones when grown on the same soil treatment (Fig. 1) (Meerts and Van Isacker 1997; Escarré et al. 2000) . The Population £ Treatment interaction (nested in Ecotype £ Origin) was highly signiWcant (P < 0.001), indicating diVerent capacities of Zn accumulation between populations of the same ecotype and origin. Other factors (Origin, Population) or interactions (Ecotype £ Treatment, Origin £ Ecotype) were not signiWcant. The small diVerence between soil treatments observed for the metallicolous population of Avinières (Fig. 1) can be explained by the fact that seedlings were collected in the Weld when they already contained relatively high amounts of Zn. In southern France, the measure of the Wnal Zn concentration of plants planted out in metalliferous sites for 2 months showed that individuals of C and NC treatments still had signiWcantly diVerent Zn concentrations (Table 2) . Zn concentration increased in metallicolous plants of Avinières, but did not change (Séranne population) or decreased (Navacelles population) for non-metallicolous plants. This may be explained by the lower tolerance of non-metallicolous plants, the roots of which did not start growing in toxic soils. Interestingly, the ratio between the Zn concentration of NC and C plants of the same population did not change from the beginning to the end of the experiment. Herbivores were therefore constantly exposed to plants with diVerent leaf Zn concentrations.
Glucosinolate concentration
The glucosinolate concentration was signiWcantly inXuenced by the region factor (Table 1) , southern France populations having lower concentrations. There was also a signiWcant diVerence between ecotypes, with non-metallicolous populations containing more glucosinolates than metallicolous ones in both regions [2.5 § 0.3 mol g ¡1 fresh mass (f.m.) vs. 1.5 § 0.1 mol g ¡1 f.m. in southern France and 5.4 § 0.4 mol g ¡1 f.m. vs. 1.9 § 0.2 mol g ¡1 f.m. in Belgium-Luxembourg, mean § SE] (Fig. 1) . It is worth noting that each time we measured glucosinolate concentrations of metallicolous and non-metallicolous plants (Noret 2003; Noret et al. 2005 ; N. Noret et al. unpublished results), metallicolous plants had lower glucosinolate concentrations than non-metallicolous ones. The other factors (treatment, population) and interactions were not signiWcant.
Herbivore damage
The level of leaf damage recorded on T. caerulescens in this study (»6%; mean value calculated over all data) was in the range of those reported in other Weld experiments (2-6%, summarized in Scherber et al. 2006) . The environment (metalliferous versus normal) signiWcantly inXuenced herbivore consumption, both in France and in Belgium-Luxembourg (Fig. 2) . Herbivory damage was lower on calamine metalliferous sites, with many plants not even touched by herbivores (56% vs. 30% on normal soils) (Fig. 2) . The site factor was not signiWcant in both regions, indicating that herbivory levels were rather similar on diVerent sites of the same environment (metalliferous versus normal).
Concerning the eVects of the foliar Zn concentration on herbivore consumption, the results were diVerent in the two regions. In southern France, high-Zn plants were as damaged as low-Zn plants (mean leaf area consumed = 6.4% vs. 6.1% for low-and high-Zn plants, respectively) (treatment factor not signiWcant; Table 3 ). In contrast, in Belgium-Luxembourg, the treatment factor was signiWcant, as well as its interaction with the environment (Table 3 ). In metalliferous soils of Belgium, both sorts of plants (C and NC) were equally damaged (2.5% vs. 3.1%, respectively) whereas in normal soils of Luxembourg a higher herbivory pressure was observed on NC plants (14.2%) compared with C ones (3.8%; Fig. 2 ). This treatment eVect (C plants less eaten than NC ones) has especially protected metallicolous populations transplanted into normal sites of Luxembourg (Fig. 2) . The ecotype factor was signiWcant in both regions, the non-metallicolous ecotype being constantly less eaten than the metallicolous one both in metalliferous and in normal soils (Fig. 2) . In Belgium-Luxembourg, the leaf area consumed by herbivores averaged 3.0% vs. 9.1% for non-metallicolous and metallicolous plants, respectively. Similarly, in southern France, nonmetallicolous plants were less consumed (mean leaf area eaten: 4.1%) than metallicolous ones (8.4%). However, in Belgium and Luxembourg, the interpretation of the ecotype factor is not clear since the metallicolous ecotype contained both Zn and glucosinolates in lower concentrations, with the result that these two factors could be confounded. Other interactions were not signiWcant.
Gastropod trapping
The environment (metalliferous or normal) did signiWcantly inXuence the number of gastropods trapped (F 1,5 = 15.0, P < 0.001), as fewer individuals were caught in metalliferous environments (Table 4) . There was no diVerence of gastropod abundance between regions (Belgium-Luxembourg or southern France) (F 1,5 = 0.1, P = 0.77) or between replicate sites (F 5,91 = 1.0, P = 0.42). The two-sample t-test clearly shows that the density of gastropods was signiWcantly lower in metalliferous sites compared with normal ones (t = ¡3.18, df = 77.2, P = 0.002) ( Table 4 ).
Discussion
Our results suggest that hyperaccumulators, which all evolved primarily in metalliferous environments (Baker and Brooks 1989) , are confronted with a level of herbivory lower than that of plants growing in normal soils. In both studied regions (Belgium-Luxembourg and southern France), plants transplanted in calamine sites were less damaged by herbivores than those in normal sites and far fewer snails and slugs were trapped in metalliferous sites. As this pattern was found in both regions, as well as in a previous experiment (Noret 2003) , low herbivory pressure seems to characterize calamine metalliferous environments. This result is in agreement with earlier reports of low herbivory pressure in metalliferous sites. Ernst (1987 , cited in Ernst et al. 1990 found only one of the 63 herbivore species known to feed on Silene vulgaris in a metalliferous site. Westerbergh and Nyberg (1995) showed that individuals of Silene dioica from a serpentine population had lower physical defences (hairs) compared to those from subalpine meadows; they suggested a relaxed herbivory pressure on metalliferous soils. More recently, Notten et al. (2006) captured less snails on a metal-polluted site compared to an uncontaminated one. This could be due to the direct eVect of metals on herbivores (Laskowski and Hopkin 1996; Gomot-de VauXeury and Pihan 2000; Notten et al. 2006) or to other unfavourable environmental conditions associated with calamine soils, such as drought.
In addition, both ecotypes of T. caerulescens were not damaged to the same degree: herbivores consumed metallicolous plants more than non-metallicolous ones. In laboratory experiments, Noret et al. (2005) had already observed that snails preferred metallicolous plants. Higher palatability of metallicolous plants can be related to their lower concentration of glucosinolates (Newman et al. 1992) . We suggest that metallicolous populations of T. caerulescens that evolved in metalliferous environments have decreased their defence levels as a consequence of the low herbivory pressure on those sites. Low glucosinolate concentrations in hyperaccumulators have already been reported (Tolrà et al. 1998) . We therefore put forward the hypothesis that plants living on metalliferous soils have lower levels of organic chemical defences. This hypothesis could be tested by comparing the constitutive production of chemical organic defences, as well as the palatability, of metallicolous and non-metallicolous populations of the same species. Similarly, the level of organic chemical defences and the palatability of species occurring only on metalliferous sites could be compared with those of congeneric species living on normal soils. Concerning the inXuence of the foliar Zn concentration on the feeding preferences of herbivores, our results do not support the hypothesis that heavy metal accumulation evolved as a defence against herbivores. In southern France, plants were damaged independently of their foliar Zn concentration, whatever their origin (metallicolous or non-metallicolous). The increased foliar Zn concentration in the metallicolous population of Avinières at the end of the experiment did not prevent herbivory, as metallicolous populations were those most consumed by herbivores. Noret et al. (2005) obtained the same results with these French populations in laboratory conditions. Similarly, in calamine sites of Belgium, plants with high Zn concentrations were eaten to the same extent as plants with lower Zn concentrations. In a metalliferous environment, Martens and Boyd (2002) also failed to show a protective role of Ni in the Ni hyperaccumulator S. polygaloides.
In contrast, in NC sites of Luxembourg, Zn seems to have given some protection to metallicolous populations. Metallicolous plants of the NC treatment [»2,700 g Zn g ¡1 dry mass (d.m.)] were the plants most consumed by herbivores (»21% mean leaf area removed), while metallicolous plants of the C treatment (»5,800 g Zn g ¡1 d.m.) and non-metallicolous of the NC treatment (»5,400 g Zn g ¡1 d.m.) incurred less damage (5.2 and 7.8% mean leaf area removed, respectively). From these results, we may suggest a Zn concentration threshold that would be above »2,700 and under »5,400 g Zn g ¡1 d.m., above which herbivores would be deterred by Zn. This would explain why in Luxembourg, metallicolous plants of the NC treatment, being under this threshold, were heavily consumed while all the other plants (being above this threshold) were less consumed. However, such a threshold was not observed in southern France. We suggest that the higher palatability of metallicolous plants in NC soil was related either to a higher concentration of attractive compounds (e.g. N, Noret et al. 2005) or to a lower level of defensive compounds (other than glucosinolates) due to stress when grown on NC soil (Frérot et al. 2005) . On the whole, our results do therefore not support the defence hypothesis.
In conclusion, plants of T. caerulescens in calamine sites clearly experience lower herbivory pressure both in France and in Belgium-Luxembourg. Metallicolous populations of T. caerulescens have almost certainly evolved in an environment of low herbivore selection, which may explain their lower concentration of secondary metabolites and their higher palatability when transplanted to an environment rich in herbivores. The herbivory level in the environment where populations evolved therefore inXuences the constitutive production of organic defences (e.g. glucosinolates). As metal hyperaccumulation evolved in metalliferous environments where herbivore pressure appears to be low, we suggest that herbivores are probably not the selective pressure that has driven the evolution of Zn hyperaccumulation in the genus Thlaspi.
